The utility of Goldmann applanation tonometry (GAT) for monitoring intraocular pressure (IOP) in open-angle glaucoma (OAG) patients with a history of laser refractive surgery was investigated by comparing IOP fluctuations measured using GAT and dynamic contour tonometry (DCT) on the same day. In this retrospective study, patients were divided into one All IOP parameters demonstrated significantly high values in the HIFG compared with those in the LIFG. Mean and peak IOP using DCT were significantly higher than those using GAT in both groups. However, there were no significant differences in IOP fluctuation and reduction using both tonometry methods in the HIFG (p = 0.946 and p = 0.986, respectively). Bland-Altman analysis revealed similar fluctuations using GAT and DCT. In multivariate analyses, there was a significant correlation between fluctuations using GAT and DCT in the HIFG (p = 0.043). These results suggest that IOP monitoring using GAT is a reliable method of monitoring IOP change in glaucoma patients with a history of laser refractive surgery, especially those exhibiting high IOP fluctuation. Nevertheless, several factors, including central corneal thickness, corneal curvature, and axial length, should be considered when using GAT for IOP monitoring.
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Introduction
Increased intraocular pressure (IOP) is a well-known risk factor for the development and progression of glaucoma [1] [2] [3] [4] , as are fluctuations in IOP [5] . Therefore, IOP measurement is a basic and essential examination for treatment and follow-up in patients with glaucoma. Although various devices have been developed for IOP measurement, Goldmann applanation tonometry (GAT) is regarded as the gold standard. However, one limitation of IOP measurement using GAT is that accuracy is influenced by biomechanical properties of the cornea, including central corneal thickness (CCT) and corneal curvature (CC) [6, 7] .
Laser refractive surgery (LRS), such as laser in situ keratomileusis (LASIK) or laser epithelial keratomileusis (LASEK), alters corneal biomechanical properties, which in turn can lead to inaccuracies in IOP measured using GAT [8] [9] [10] . As a way to overcome this limitation, the Pascal dynamic contour tonometer (DCT; SMT Swiss Microtechnology AG, Port, Switzerland) was developed. The concave tip shape of the DCT device minimizes alterations in corneal shape. It is known that DCT measurements closely reflect actual IOP [11] . Several previous studies have demonstrated that changes in IOP before and after LRS are significantly smaller using DCT than GAT [9, 12, 13] . Given that myopia is a risk factor for the development of glaucoma, measuring IOP and monitoring IOP changes are crucial in individuals who have undergone LRS for myopia correction. Glaucoma can be diagnosed using devices for the evaluation of structural or functional glaucomatous retinal nerve fiber layer (RNFL) damage. However, monitoring IOP changes should be performed using tonometry. Although monitoring IOP change is important for glaucoma patients who have undergone LRS, previous studies have primarily focused on the accuracy of IOP values before and after LRS according to different types of tonometry, including DCT.
In this study, we investigated the value of IOP measurement and monitoring using GAT in patients with open-angle glaucoma (OAG) who underwent LRS by comparing IOP parameters, including IOP fluctuation measured using both GAT and DCT on the same day. In addition, we also investigated correlations between ocular parameters (CCT, CC, and axial length) and IOP fluctuation.
Materials and methods
This retrospective study was conducted at the Department of Ophthalmology, Severance Hospital, Yonsei University School of Medicine (Seoul, Korea), with approval from the Institutional Review Board of Severance Hospital, Yonsei University (2015.9.25). All research adhered to the tenets of the Declaration of Helsinki, and informed written consent was obtained from all subjects. The medical records of patients who visited the Glaucoma Clinic of the Department of Ophthalmology at Severance Hospital, Yonsei University School of Medicine, between January 2005 and June 2015 were reviewed. Patients who underwent LASIK or LASEK at least 3 years before initial visit to the clinic and diagnosed with glaucoma exhibiting an open angle in the clinic using anti-glaucoma topical medication were selected. The followup period after initial diagnosis of glaucoma should be > 12 months. IOP was measured using GAT and DCT separately on the same day. At least 6 IOP measurements using GAT and DCT and regular clinic visits were required for inclusion. Other inclusion criteria were as follows: each examination to evaluate glaucoma was performed > 3 times; best-corrected visual acuity (BCVA) was > 20/30; no medical history of systemic disease; and no history of anti-glaucoma medication before the initial clinic visit. Glaucoma patients who underwent ophthalmic surgery, such as cataract surgery, vitrectomy, or glaucoma surgery, including laser trabeculoplasty, were excluded. Additionally, patients who discontinued using anti-glaucoma medication during the follow-up period(s), those who used steroid or non-steroidal anti-inflammatory eye drops, or those with a history of using these eye drops within 3 months of the last follow-up, were also excluded.
The ophthalmic examinations included the following measurements: Snellen BCVA; refractive spherical equivalent; CCT using an ultrasonic pachymeter (DGH-1000; DGH Technology, Inc., Frazer, PA, USA); CC; and AXL using the IOL Master (Carl Zeiss Meditec AG, Jena, Germany). For diagnosis and follow-up of glaucoma, a +90 diopter lens, red-free photograph (VISUCAM 200, Carl Zeiss Meditec AG, Jena, Germany), and Cirrus HD Optical coherence tomography (Carl Zeiss Meditec, Inc., Dublin, CA, USA) were used for the evaluation of disc morphology changes and RNFL defects. Visual field measurements, using the Humphrey Visual Field analyzer (24-2 Swedish Interactive Threshold Algorithm, Carl Zeiss Meditec, Inc., Dublin, CA), were also performed. Medical history regarding changes in anti-glaucoma medication was also reviewed.
Diagnosis of glaucoma
Diagnosis of glaucoma was re-evaluated on the basis of characteristics of glaucomatous optic disc change and RNFL and visual field defects. Visual field defects had to satisfy at least two of the Anderson criteria [14] . Two glaucoma specialists (S.Y.L and H.Y.B) reviewed the medical records of glaucoma patients. If there was disagreement between these specialists, the medical record was reviewed by a third glaucoma specialist (C.Y.K), who decided whether the diagnosis was correct or incorrect. If both eyes met the study criteria, the study eye was randomly selected.
IOP measurement and IOP parameters
IOP measurements using GAT and DCT were conducted according to standard procedure at the authors' institution. Three consecutive measurements were obtained. If IOP values had differences > 3 mmHg, additional measurements were performed. Finally, the mean value of three measurements not showing large differences was calculated and recorded. DCT values with a quality of 1 or 2 were used for calculations. If there was no description of quality in the medical record, the DCT value was not used. Four IOP parameters were used in this study. IOP values measured using each tonometry method in the medical record were averaged (mean IOP) and the maximum IOP value (peak IOP) was extracted. To compare the extent of IOP reduction attributed to anti-glaucoma medication, the difference between peak IOP and mean IOP was calculated (IOP reduction). For the fluctuation of IOP, standard deviation of all IOP values during follow-up periods was calculated (IOP fluctuation). IOP fluctuation was regarded to be a significant factor reflecting IOP change for follow-up period. ΔIOP fluctuation was defined as the difference between DCT fluctuation and GAT fluctuation.
In the present study, subjects were divided into one of two groups according to IOP fluctuation measured using GAT: the relatively low IOP fluctuation group (LIFG); and the relatively high IOP fluctuation group (HIFG). Although there have been several studies investigating long-term IOP fluctuation [5] , standard values of normal fluctuation have not been established. Hong et al [15] divided IOP fluctuation-defined as the SD of GAT values-into highand low-fluctuation groups separated by a pressure of 2.0 mmHg. Considering the underestimation of GAT values affected by CCT, it was decided to set the IOP fluctuation standard value at 1.7 mmHg, which was > 15% of the mean GAT value of all patients in the present study (1.67 mmHg) and < 2.0 mmHg (referenced from Hong et al [15] ).
Statistical analysis
Statistical software (SAS version 9.2, SAS Inc., Cary, NC, USA) was used to perform all statistical analyses. Independent two-sample t tests and chi-squared tests were used to compare differences in continuous parameters and categorical parameters between the groups, respectively. Paired t tests were performed to compare within-group values of the IOP parameters. Pearson's correlation coefficients and multiple regression were used for correlation analyses. Statistical significance was defined as p < 0.05.
Results
A total of 387 eyes of 194 OAG patients with a history of LASIK or LASEK were selected after review of medical records. Among these patients, 98 eyes of 98 patients who met the inclusion and exclusion criteria were included in the present study. Patients were divided into one of two subgroups according to the IOP fluctuation value obtained using GAT. Table 1 summarizes demographic information and comparisons between LIFG and HIFG. Except for IOP parameters (mean IOP, peak IOP, IOP fluctuation, IOP reduction, and ΔIOP fluctuation), there were no significant differences in other parameters. In the between-group comparisons, all IOP parameters of the HIFG were higher than those of the LIFG, with the exception of ΔIOP fluctuation. Mean and peak IOP measured using DCT (mean DCT and peak DCT) were significantly higher than mean and peak IOP measured using GAT (mean GAT and peak GAT) in each group. IOP fluctuation and reduction measured using DCT (DCT fluctuation and DCT reduction) were significantly higher than those measured using GAT (GAT fluctuation and GAT reduction) in the LIFG (p = 0.003, p = 0.004, respectively). However, there were no significant differences in IOP fluctuation and reduction between the two types of tonometry in the HIFG (p = 0.946, p = 0.986, respectively).
Agreement between IOP fluctuation values measured using the two different tonometry methods
Bland-Altman plots of IOP fluctuations measured using DCT and GAT are shown in Table 2 
Correlation analyses of IOP parameters

Correlation analyses of IOP fluctuation and ocular parameters
In each group, correlation analyses between IOP fluctuation and ocular parameters, including CCT, AXL, and CC, were performed (Table 3) . GAT fluctuation showed significant correlation with these three ocular factors in the HIFG. In contrast, however, there were no significant correlations between GAT fluctuation and these ocular parameters in the LIFG. AXL was the sole ocular parameter significantly correlated with DCT fluctuation in the LIFG. No significant correlation was detected between DCT fluctuation and these three ocular parameters in the HIFG. 
Multivariate analyses of IOP fluctuation and related variables
In multivariate analyses, age, sex, operation type (i.e., LASEK vs LASIK), CCT, AXL, CC, mean GAT and mean DCT were included as possible factors correlated with GAT or DCT fluctuation. In analyses between GAT fluctuation and other factors, DCT fluctuation was also used as a correlated factor and vice versa. Table 4 summarizes the results of the multivariate analyses investigating GAT fluctuation and related factors. There was no correlated factor in the LIFG. In the HIFG, CCT and DCT fluctuation were significantly correlated with GAT fluctuation (p = 0.013 and p = 0.043, respectively). Table 5 
Discussion
IOP fluctuation is divided into long-and short-term fluctuations [5] . Although there is no definitional or methodological consensus for these two types of IOP fluctuation, many studies have demonstrated significant correlation between IOP fluctuation and glaucoma [15] [16] [17] [18] [19] . Therefore, for patients who have undergone LRS, both accuracy of IOP measurement and the detection IOP changes should not be overlooked. Sung et al [20] investigated the clinical characteristics of glaucomatous subjects who underwent LRS. They reported similar levels of IOP reduction after using anti-glaucoma medication between glaucomatous eyes with a history of LRS and glaucomatous eyes without such a history. Their study indicated the possible validity of using GAT for detecting IOP changes in glaucoma patients who have undergone LRS. GAT is considered to be the gold standard for IOP measurement and is commonly used in the glaucoma field. Therefore, if IOP changes can be monitored using GAT, glaucoma patients with the history of LRS can receive timely examination and/or treatment for the condition.
CC (D)
In the present study, OAG patients who underwent LASIK or LASEK were divided into one of two subgroups according to GAT fluctuation. By definition, IOP fluctuation indicates the degree of IOP change during the follow-up period. Therefore, if IOP fluctuation is high, IOP changes must be monitored carefully because there is possibility of glaucoma progression. In addition, GAT has been generally used in glaucoma clinics because it is regarded as the gold standard for IOP measurement. For such reasons, we decided to divide our patients into groups according to GAT fluctuation values. By using GAT fluctuation as a standard and comparing with IOP fluctuation using DCT, which is known for relatively accurate IOP measurement method for patients with a history of laser refractive surgery, the value of IOP monitoring using GAT can be verified. Mean and peak IOP measured using DCT were significantly higher than those measured using GAT, regardless of study group. These results correspond with previous studies that compared IOP values in patients who underwent LASIK or LASEK and various tonometry methods [9, 12, 13] . Interestingly, although the mean values of IOP parameters for IOP change (i.e., IOP fluctuation and IOP reduction) were higher in the HIFG than the LIFG, and mean ΔIOP fluctuation was significantly smaller in the HIFG. Considering the Bland-Altman plot of GAT and DCT fluctuation (Fig 1) , agreement between these two fluctuation values were high. In correlation analyses, there was no significant correlation between DCT and GAT fluctuation in the LIFG; however, there was significant correlation in the HIFG. Despite adjusting for other factors, such as age, sex, operation type, ocular parameters, and mean IOP, correlation between GAT fluctuation and DCT fluctuation was maintained in the multivariate analyses. Overall, IOP fluctuation in OAG patients who underwent LRS exhibited similar values between two different tonometries, and the difference became smaller when the IOP fluctuation measured using GAT was relatively high. IOP monitoring is important for glaucoma patients who exhibit a large range of IOP change. When we monitor IOP change in glaucoma patients who have undergone LRS, the best is to use DCT. However, there is a high possibility that DCT is not readily available in typical real-world clinical situations. In the present study, we set IOP fluctuation using GAT as a standard for dividing the groups to reflect clinical situation(s). After that, we compared GAT fluctuation with DCT fluctuation, and verified that these two fluctuation vales were similar and differences were decreased as the GAT fluctuation was increased. This result supports the validity of IOP monitoring using GAT in OAG patient with a history of LRS. In assessing IOP, there are several factors that should be considered. CCT is a well-known factor related to IOP. In normal eyes, IOPs measured using GAT are higher in individuals with thicker corneas and lower in thinner corneas. However, in glaucomatous eye(s), this correlation is variable. Although it is widely known that IOP measurement using DCT is not significantly influenced by CCT compared with GAT, previous studies have reported that both GAT and DCT measurement values demonstrate significant correlation with CCT [21, 22] or non-significant correlation with CCT in glaucomatous eyes [23, 24] . CC is also affected by IOP measurement method. There have been varying correlation results between IOP values and CC depending on whether the study investigating altered CC involved normal eyes or pathologic eyes [21, [25] [26] [27] [28] [29] . CCT and CC are altered by LRS. Therefore, in glaucomatous eyes with a history of LRS, investigating the correlation between IOP parameters and CC, or CCT according to tonometry method, is important. Although AXL is considered to be a correlated factor in IOP measurement, several studies have reported no significant correlations [27, 30, 31] . Nevertheless, Loewen et al [32] reported that AXL had a significantly negative correlation with 24 h IOP fluctuation. In our univariate analyses, CCT, CC, and AXL demonstrated significant correlation with GAT fluctuation in the HIFG, and AXL showed significant correlation with DCT fluctuation in the LIFG. Although these correlations disappeared in the multivariate analyses, our results suggest that some factors, including CCT, CC, and AXL, may have different correlations with IOP in glaucoma patients who have undergone LRS, unlike the results of previous studies. Therefore, further studies are needed to evaluate the exact correlation among these factors in glaucoma patients with the history of LRS. In addition, we should consider the effects of CCT, CC and AXL on IOP monitoring in these patients.
One particular limitation of the present study was its retrospective design; however, we had no choice but to rely on the veracity of medical records. To overcome the inherent limitations associated with retrospective study designs, we applied strict prerequisites when collecting data. Consequently, the number of subjects included was not large. In addition, if there were other subjects that could have served as a control group (for example, OAG patients without a history of LRS under the same conditions, or normal subjects with a history of LRS), additional analyses for the GAT value of monitoring IOP change in OAG patients with a history of LRS could be conducted.
Conclusions
In the present study, IOP parameters calculated using GAT and DCT demonstrated significant correlation in OAG patients who underwent LRS, although their actual value(s) was different. In the group consisting of patients with high GAT fluctuation, significant correlation between GAT fluctuation and DCT fluctuation was still verified in the multivariate analysis. IOP change is important when we monitor glaucoma patients. However, there is no established consensus as to which mode of tonometry is the most accurate for monitoring IOP in OAG patients who have undergone LRS, although DCT is regarded to be a relatively exact method for IOP measurement in this patient group. By demonstrating significant correlation between DCT fluctuation and GAT fluctuation in HIFG, our results suggest that it is acceptable to apply GAT for monitoring IOP in OAG patients with a history of LRS. However, because GAT fluctuation was correlated with CCT, AXL and CC in HIFG, these factors should be considered when using GAT for monitoring.
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